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The fundamental understanding of plant biochemistry, physiology and genetics, 
along with insights into ecology, plant evolution and the domestication of 
common crop species will have to serve agricultural applications to ensure that 
the growing population of our rapidly changing planet will have sufficient food in 
the coming decades. Michael Gross reports. 
Plant science called up to provide food securityRich pickings: The cultivated strawberry (Fragaria ×ananassa) is a unique model for studies of 
crop domestication and evolution, as it only originated in the 18th century and has been well 
documented. (Image: Tomas Castelazo/Wikimedia Commons.)Botany is one of the oldest sciences 
pursued by mankind, and thus often 
has the image of being old-fashioned. 
Historically, much of it has been 
descriptive and relied on traditional 
methodologies, such as collection of 
specimens in herbaria. Even though 
genetics was born when Gregor 
Mendel started studying peas, much 
of modern molecular biology has 
focused either on simpler bacterial 
systems or on animal models 
allowing conclusions of medical 
relevance. 
Now, however, plant science 
holds the key to the two major 
global problems that humanity 
has to solve. First, the defining 
physiological feature of plants, two-
step photosynthesis, could serve as a 
model teaching us how to convert CO2 
and sunlight into fuel and thus stop 
climate change (Curr. Biol. (2014) 24, 
583–585).
Together with climate change, food 
security is one of the biggest global 
challenges for this century, and at 
the core of it is the question of how 
successful we are at understanding 
how plants work and how we can 
make them more efficient at working 
for our needs. The United Nations 
Food and Agriculture Organisation 
(FAO) has estimated that global food 
production must increase by 70% in 
the next four decades to keep up with 
demand. 
To achieve this increase without 
destroying what remains of our 
planet’s natural diversity, applied 
and fundamental plant science must 
work hand in hand, as Allison Miller, 
Elizabeth Kellogg and Briana Gross 
have argued, who together have 
edited a special issue of the American 
Journal of Botany (Am. J. Bot. (2014) 
101, issue 10) illustrating the kind 
of approach required. For instance, 
understanding of plant physiology 
can improve crop yields and nutrient 
content, harnessing genetic diversity 
can help to mitigate effects of pests and climate change, appreciation 
of underused species and varieties 
can improve the product spectrum 
obtained from agriculture, and a better 
understanding of ecology can help to 
develop sustainable and cost-effective 
approaches to keep pests and weeds 
in check. 
Return to the roots
One important way in which genome-
age plant science can help agriculture 
is by shedding light on the genetic 
origins and diversity of the plants that 
feed us. The cultivated strawberry 
plant (Fragaria ×ananassa) is an 
exception among crops in that it 
only originated in the 18th century 
from a cross of the South American 
F. chiloensis and the North American 
F. virginiana, and its origin was 
recognised very early on by Antoine 
Nicolas Duchesne in his book 
L’Histoire Naturelle des Fraisiers (The 
Natural History of Strawberry Plants) 
published in 1766. Aaron Liston from Oregon State 
University and colleagues argue 
that, because of that recent origin 
and its economic importance, 
Fragaria would make a useful model 
system for studies of ecological 
and evolutionary genomics of crop 
plants (Am. J. Bot. (2014) 101, 
1686–1699). Improvements based on 
better genetic understanding could 
lead to benefits at the product level, 
including a reduction of pesticide 
residue in the fruit. 
Most other cultivated crops were 
domesticated in prehistoric times in 
a development that may have been 
more akin to co-evolution of plants 
and humans than to conscious 
breeding (Curr. Biol. (2013) 23, R667–
R670). Thus, an understanding of 
their evolution can only be gained 
from archaeological evidence and 
from phylogenetic analysis based 
on massive application of genome 
sequencing. China’s sequencing 
hothouse, the BGI, has recently 
reported genome sequences for 
3,000 strains of rice (Oryza sativa) 
from 89 countries (GigaScience 
(2014) 3, 7), an effort that will add 
clarity to the hotly contested origins 
of the plant and offer a foundation 
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Mean beans: The widely grown soybean (Glycine max) originates from Asia, but has wild pe-
rennial cousins in Australia, carrying useful resistance traits. (Image: Gregory Heath/CSIRO.)on which to build improvements for 
the future. 
While rice currently feeds more 
than three billion people, other 
domesticated plants have fallen out of 
fashion or are under-utilised. Stephanie 
Pearl and John Burke have made 
the case for a wider use of safflower 
(Carthamus tinctorius), which could be 
grown as an oilseed crop (Am. J. Bot. 
(2014) 101, 1640–1650).
Embrace diversity
By its very nature as a selection 
process, domestication carries 
the risk of a reduction in genetic 
diversity. Although this can happen at 
any time, researchers have found it 
useful to distinguish between genetic 
bottlenecks caused by the initial 
event (domestication bottleneck) and 
those caused by later breeding efforts 
(improvement bottleneck). 
A loss of diversity can mean that 
a crop plant becomes vulnerable to 
rapidly moving pest species (Curr. 
Biol. (2013) 23, R855–R857) as well as 
to the changing climate conditions. 
Therefore, the genetic diversity of crop 
cultivars has been a focus of research 
in application-oriented plant science. 
The apple tree (Malus ×domestica) 
is a remarkable model system for such 
studies, as there are ancient cultivars 
that have been clonally reproduced 
over centuries, but new cultivars are 
also being created and documented 
to the present day. Thus, Briana Gross 
from the University of Minnesota at 
Duluth, USA, and colleagues have been able to study the changes of 
genetic diversity in apple cultivars 
across many centuries (Am. J. Bot. 
(2014) 101, 1770–1779). They found 
that both the domestication and the 
improvement bottleneck in apple trees 
are mild and not an immediate threat 
to the species. The diversity does not 
seem to decrease over time. 
This reassuring result only applies 
at the species level. Looking at 
the cultivars used in large-scale 
commercial production of apples, 
Gross and colleagues find a much 
lower diversity, implying that pests 
and climate change could still catch 
apple producers on the wrong foot. 
The obvious take-home message is 
that the genetic diversity is available, 
but we should use it more often. 
As a perennial plant, the apple tree 
is part of a 1/8 minority of food crops 
on a global market dominated by 
annual crops like rice and wheat. In a 
changing world, perennials have the 
disadvantage that they are very slow 
to change. Creating and testing new 
varieties through traditional breeding 
takes up a lot of space and may 
take many years if not decades. The 
group of Sean Myles at the Dalhousie 
University in Truro, Canada, advocates 
the use of genomic-assisted breeding 
to track the presence of desired 
traits in seedlings and thus speed 
up the creation of new cultivars with 
improved traits (Am. J. Bot. (2014) 
101, 1780–1790).
On the other hand, the perennial 
lifestyle also has its advantages, such as preventing soil erosion and being 
more economical with nutrients. For 
these reasons, some researchers 
are looking into the possibility of 
converting annual grain crops into 
perennials (Am. J. Bot. (2014) 101, 
1801–1819).
Desirable traits, such as pest 
resistance or ability to cope with 
adverse weather conditions, may 
often be found in wild relatives of our 
crop plants. A better understanding 
of the evolutionary history of the 
domesticated variants can help to 
identify their closest cousins in the 
wild and to reintroduce desirable traits 
that they may carry. 
For instance, the cultivated soybean 
(Glycine max) has around 30 perennial 
relatives thriving in a wide range of 
habitats in Australia and grouped 
together in the subgenus Glycine 
(while the Asian annuals G. max and 
G. soja form the subgenus Soja). 
They carry desirable traits, including 
resistance to important soybean 
pathogens such as cyst nematode 
and leaf rust (Am. J. Bot. (2014) 101, 
1651–1665). 
Similarly, Robert Henry at the 
University of Queensland at Brisbane, 
Australia, and colleagues have 
analysed the genomes of two species 
of wild rice, the perennial Oryza 
rufipogon and the annual Oryza 
meridionalis (PLoS ONE (2014) 9, 
e98843). Geographically separated 
from the events of rice domestication 
in Asia, these species have retained 
genetic traits that would be of interest 
to rice cultivation, most significantly 
resistance against rice blast, the most 
damaging rice pathogen. Experts 
believe that these wild species are 
still close enough to commercial rice 
cultivars to allow reintroduction of 
these genetic traits by conventional 
breeding methods.
Support your local ecology
One defining feature of modern 
industrialised agriculture, as practised 
especially in the US, is the fact 
that it is decoupled from the local 
ecology, as Heather Reynolds and 
colleagues from Indiana University 
in Bloomington have pointed out in 
their contribution (Am. J. Bot. (2014) 
101, 1631–1639). Large monocultures 
are effectively factories that have no 
connection to the landscape they 
happen to be in or to the local species 
that will be exterminated with the help 
of agrochemicals. This disconnect 
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Staple crop: Rice (Oryza sativa) constitutes the main daily meal for three billion people. There-
fore, any scientific progress that can help to improve the yields, resilience, or nutrient content 
of rice is likely to have an enormous impact on global health and food security. (Image: Wiki-
media Commons.)is most obvious from the fact that 
even the ecosystem service of insect 
pollination has been delocalised and 
industrialised, with hives of European 
honeybees being moved around the 
country by commercial pollination 
providers. 
Reynolds and colleagues argue 
that this type of unnatural agriculture 
is closely linked to the unsustainable 
economic model based on unlimited 
growth, which is incompatible with 
the fact that our planetary resources 
are limited, and limits of sustainable 
use have already been surpassed for 
many of them, as Johan Rockström 
and others have demonstrated in 
their famous article on “planetary 
boundaries” (Nature (2009) 461, 
472–475). Even new approaches 
aiming to improve the situation, 
such as ecological intensification, 
will only slow down environmental 
damage, but not avert the collision 
between ecology and economy that 
is ultimately caused by the dogma of 
unlimited growth. 
The authors call for local 
engagement of scientists with farmers 
to restore the connection between 
farming and the local landscape, and 
to customise food production to the 
natural environment and ecological 
context. Awareness of the importance 
of the local conditions for the crop 
is of course fundamental in wine 
production, where the ‘terroir’ is the 
key to quality products, but in other 
parts of agriculture it may have to be 
rediscovered. 
As a very simple case study, the 
authors describe their own work with 
local farmers in Indiana, in which 
they established how far wild bees 
will travel to pollinate the cucumber 
plants on the farms. Finding that the 
range is fairly limited, the researchers 
recommended that farmers provide 
areas with perennial growth on their 
land, for bees to be able to live in 
close proximity to the crops. 
Boost photosynthesis
Although past plant breeding 
programmes have already drastically 
improved the productivity of crop 
plants, there remains room for further 
improvement in many species. One 
obvious, but challenging target is 
photosynthesis. 
When evolution invented the two-
step photosynthesis that gave us our 
atmospheric oxygen and ozone shield 
and thus made life on land possible, there was no molecular oxygen in the 
environment. Thus it didn’t matter 
that RuBisCO, the enzyme that fixes 
carbon dioxide to introduce it into the 
Calvin cycle and thus make it available 
for the synthesis of carbohydrates, 
also accepts the oxygen molecule as 
a substrate. Now, in an atmosphere 
containing nearly 21% oxygen, 
this little flaw in the system would 
produce considerable energy loss 
to the organism, so plants and 
photosynthetic bacteria have come up 
with different patches to address this 
problem. 
Cyanobacteria encapsulate 
RuBisCO in a shell made of protein, 
reminiscent of a virus capsid. This 
so-called carboxysome lets carbon 
dioxide enter in the form of negatively 
charged bicarbonate ions, while 
keeping out the electrostatically 
neutral oxygen molecules. Some 
plants, including tropical crops like 
maize and sugar cane, use the C4 
pathway, in which carbon dioxide 
is first incorporated into a molecule 
with four carbon atoms in specialised 
cells distinct from those that harbour 
RuBisCO. And most plant species 
have simply slowed down RuBisCO to 
enable it to better distinguish between 
the two molecules. This means that 
these so-called C3 plants need more 
RuBisCO than C4 plants to fix a given amount of carbon dioxide per time, 
and therefore they also need more 
nitrogen fertiliser. 
As some of the world’s biggest 
staple crops, including rice and 
wheat, are C3 plants, making their 
photosynthesis as efficient as that of 
C4 plants and cyanobacteria would 
have a gigantic effect on the global 
economy of agriculture and on food 
security. The group of Maureen 
Hanson at Cornell University in 
New York State, USA, has recently 
demonstrated the transfer of two 
key elements of the cyanobacterial 
system into tobacco plants. First they 
expressed carboxysomal proteins in 
tobacco chloroplasts and showed 
that they can form hollow vesicles 
there (Plant J. (2014) 79, 1–12). Then, 
they expressed the speedier version 
of RuBisCO from cyanobacteria in 
the plants and could show that it 
can replace the plant version (Nature 
(2014) 513, 547-550). Eventually, they 
will have to get both elements to 
work together efficiently in the plant 
cells to equip them with the high-
performance photosynthesis system 
of cyanobacteria, but these two recent 
advances show that this improvement 
is possible. 
In a separate effort, the International 
Rice Research Institute (IRRI) at Los 
Baños in the Philippines is pursuing a 
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Wall flower: Safflower (Carthamus tinctorius) is 
a domesticated crop that could be used more 
widely, as some authors have argued. (Image: 
Wikimedia Commons.)large-scale project to convert the rice 
plant to the C4 mechanism. Around 
a dozen genes are required for the 
process, a few of which have already 
been transferred to the rice plant. The 
bigger challenge, however, lies in the 
fact that the anatomy of the leaves 
has to be adapted to keep the initial 
carbon fixation reaction separated 
from the RuBisCO reaction. This 
might still take a while. Similarly, other 
research groups are pursuing other 
ways of turbo-charging the rice plant. 
Current projects include attempts to 
make its nitrogen metabolism more 
effective, to persuade it to engage 
in symbiosis with nitrogen-fixing 
bacteria, or to deliver nutrients of 
strategic importance for world health, 
such as vitamin A.
Feed future generations
Humans have cultivated plants 
for millennia, but as the examples 
show, there is still a lot of scope 
for improvement. A better scientific 
understanding of the ecology, 
evolution, genetics and physiology 
of the plants we eat, of their wild 
relatives, and of the weeds we may 
want to keep away from our fields can 
ultimately help farmers to produce 
more food with fewer agrochemicals, 
and less damage to the environment. 
Plant scientists and practitioners 
need to work together on this grand 
project to ensure that the projected 
nine billion people that will populate 
our planet in 2050 will still have 
sustainable ways to produce sufficient 
food. 
Michael Gross is a science writer based at 
Oxford. He can be contacted via his web 
page at www.michaelgross.co.ukTakashi Yoshimura
Takashi Yoshimura received his BS 
and PhD from Nagoya University. 
Currently, he is a Professor of 
Animal Physiology and runs three 
laboratories: two laboratories at 
Nagoya University, in the Graduate 
School of Bioagricultural Sciences 
and the Institute of Transformative 
Bio-Molecules (WPI-ITbM), and 
another at the National Institute for 
Basic Biology (NIBB) in Okazaki. 
In the laboratory at the Graduate 
School of Bioagricultural Sciences, he 
studies the underlying mechanisms of 
vertebrate seasonal reproduction and 
circadian rhythms using organisms 
such as tunicates, fish, birds, and 
mammals. Based on the findings in 
this laboratory, he is collaborating 
with cutting-edge synthetic chemists 
and theoreticians at WPI-ITbM 
to develop ‘transformative bio-
molecules’ that will improve animal 
production and human health. The 
NIBB is one of the host institutes for 
medaka bioresources of the National 
BioResource Project of Japan, and 
provides an excellent opportunity 
to study medaka fish as a model for 
seasonal biology. Dr Yoshimura is now 
studying the underlying mechanism 
of seasonal time measurement using 
medaka collected from a range of 
sites across Japan, because medaka 
from different latitudes exhibit 
different seasonal responses.
What turned you on to biology in 
the first place? I grew up in the 
countryside near Kyoto and spent 
a wonderful time in the middle of 
nature. I caught a lot of beetles, fish, 
frogs, lizards, and turtles from the 
wild, and also enjoyed breeding them. 
As with many Japanese children, 
my favorite book during childhood 
was Souvenirs entomologiques by 
the French entomologist Jean-Henri 
Fabre. I also liked books written by 
the Nobel laureate Karl von Frisch, 
who discovered the languages of the 
bees. I have always been attracted 
to the mysteries of animal behavior. 
After entering university, I decided to 
work on biological clocks. Although 
most animal behaviors appeared to be 
too complicated to understand at the 
molecular level, at that time we already 
Q & Ahad evidence that biological clocks are 
under genetic control.
Why do you deal with so many 
organisms? When I started my 
scientific career, I believed that 
Drosophila and mouse were the best 
model organisms for understanding 
various aspects of physiology and 
behavior, because a great deal of 
genetic information and genetic 
manipulation technologies were 
available in these organisms. However, 
I was very impressed by an elegant 
study by Professor Masakazu Konishi 
at Caltech, who used the owl as a 
model to uncover the mechanism of 
auditory localization. Prior to that time, 
I never thought of using this model, 
and Prof. Konishi’s work led me to 
recognize the importance of choosing 
appropriate model organisms. Since 
then, I have always tried to choose the 
best organisms for each of my studies. 
This idea is also known as Krogh’s 
principle: “for such a large number of 
problems there will be some animal 
of choice, or a few such animals, on 
which it can be most conveniently 
studied.” This is the reason why I 
am currently using a wide variety of 
species.
You demonstrated that rooster 
crowing is under the control of the 
circadian clock. How do you choose 
your research topics? Hot topics are 
indeed attractive, especially if one 
wants to receive big grants! However, 
because many people wish to study 
hot topics, these fields are extremely 
competitive. In addition, all of the 
